Platinum(IV) can be determined spectrophotometrically with 5-chloro-2-hydroxythiobenzhydrazide on extraction into molten naphthalene from the aqueous phase with pH 2.2 -6.0. Beer's law is obeyed in the concentration range 1.0 -7.0 μg cm -2 of Pt(IV) in 4-methyl-2-pentanone solution at 680 nm. The molar absorptivity and Sandell sensitivity are found to be 2.40 × 10 4 L mol -1 cm -1 and 8.0 ng cm -2 , respectively. Six replicate analyses of a solution containing 40.0 μg of Pt(IV) gave a mean absorbance of 0.505 with a standard deviation of 0.0065 and a coefficient of variation of 1.30%. The complex is stable for more than 48 h. The metal to ligand ratio in the complex is determined to be 1:1. Interference from various ions is studied and the method is found to be selective for platinum. Platinum is determined in various synthetic mixtures and in some alloy samples. The method permits the sequential separation and determination of different amounts of platinum and rhenium from their mixtures.
Introduction
The platinum metal possesses exceptional catalytic properties. 1 Further industrial applications arise from a wide range of favorable properties, particularly resistance to chemical corrosion over a wide temperature range, high melting point, high mechanical strength and good ductility. Platinum is also used in jewelry and dentistry. Specific complexes of platinum, particularly cis-diamminedichloroplatinum(II) (cisplatin) are used therapeutically.
Platinum-rhenium alloys are primarily used as catalysts in producing lead-free, high octane gasoline, benzene, toluene, and xylene, as high temperature superalloys for jet engine components 2, 3 and in direct preparation of halogenated hydrocarbons. 4 A platinum-rhenium alloy with 10% rhenium has an electrical conductivity that is only 5.5% of that of copper, compared with 16% for pure platinum. 5 Platinum group metals are found in copper-nickel sulfide ores at an average concentration of 0.3 mg kg -1 . Bimetallic platinum-rhenium catalysts have replaced many of the monometallic catalysts. 2 Catalytic units with platinum-rhenium catalysts are used in about 80% of all the U.S. reforming capacity. 2 In the next 5 years, increased demand for platinum and rhenium will follow the demand for aircraft engines and for petroleum. Annually, over 5 million pounds of spent Reformer Catalysts are treated for the recovery of contained platinum and rhenium. 6 The use of thiohydrazides such as o-hydroxythiobenzhydrazide, 7 thiobenzhydrazide, 8 α-naphthalenethiocarboxhydrazide, 2-pyrrolthiocarboxhydrazide, furanthiocarboxhydrazide, thiophenethiocarboxhydrazide, 9 dibenzylidenethiocarbohydrazide, 10 and 2-furancarbothioic acid hydrazide 11 in the spectrophotometric determination of rhenium and platinum group metals has been described in a number of papers. Other reagents such as dithizone, 12 anisaldehyde-4-phenyl-3-thiosemicarbazone, 13 dithizone-polyurathane, 14 4-phenylthiosemicarbazide, 15 3-(2′-thiazolylazo)-2,6-diaminopyridine, 16 N-(m-methylphenyl)-N′-(sodium p-aminobenzenesulfonate)-thiourea, 17 piperonal thiosemicarbazone, 18 and leuco xylene cyanol FF, 19 have been reported for spectrophotometric determination of platinum after liquid-liquid extraction. The reagents phenanthrenequinone monoximes 20, 21 and 1-(2-pyridylazo)-2-naphthol 22 have been used for spectrophotometric determination of platinum after solid-liquid extraction.
These methods suffer from some drawbacks, such as a longer waiting period for color development, 7,9 a need for multiple extractions for quantitative recovery of the metal, 8 presence of stannous chloride, 12,14 narrow pH range, 10, 13, 19 high molarity of aqueous phase, 14, 16 low absorptivity, 15 low sensitivity 13, 20 and low stability of the reagents, [7] [8] [9] as shown in Table 1 . None of these methods allow the separation and separate determination of platinum and rhenium.
Most of the above drawbacks are removed in the proposed method. In the present work, 5-chloro-2-hydroxythiobenzhydrazide (5-Cl-2-OHTBH) is reported as a sensitive and selective reagent for rapid extraction and spectrophotometric determination of platinum. It is possible to determine traces of platinum from synthetic and real alloy samples by using the reagent. The reagent also permits the sequential separation and determination of platinum and rhenium under optimum conditions. The reagent was successfully applied for the spectrophotometric estimation of rhenium.
Experimental

Apparatus
A Carl-Zeiss (Jena, Germany) spectrophotometer with 10 mm glass cells was used for absorbance measurements. An Elico pH meter (LI-120) with glass electrode was used for pH measurements.
Reagents and chemicals
A stock solution of Pt(IV) was prepared by dissolving chloroplatinic acid (J. Mathy, England) in very dilute hydrochloric acid and the solution was standardized gravimetrically. 24 Working standard solutions for spectrophotometric measurements are obtained by appropriate dilution of the stock solution.
Solutions of different metals used for studying the effect of diverse ions were prepared by dissolving weighed quantities of their salts in distilled water or dilute hydrochloric acid. Solutions of anions were prepared by dissolving the respective alkali metal salts in water.
Dilute hydrochloric acid (2 mol/L) and sodium acetate solution (10%) were used for adjusting the pH of solutions. Doubly distilled water, organic solvents and analytical-reagent grade chemicals were used throughout unless otherwise stated.
The reagent 5-Cl-2-OHTBH was prepared from 5-chlorosalicylaldehyde by the method of Jensen and Pedersen. 25 5-Chlorosalicylaldehyde was prepared by the method of Duff. 26 A 6.0 × 10 -3 mol/L solution of 5-Cl-2-OHTBH in ethanol was used for color development. The solution remains stable for a week. Naphthalene and 4-methyl-2-pentanone were checked spectrophotometrically before use to confirm their purity.
Preparation of 5-Cl-2-OHTBH
Some freshly prepared 5-chlorosalicylaldehyde (10 g) was dissolved in ethanol (30 ml) and the solution was heated to 65 -70 C. About 40 -45 ml of ammonium polysulfide was added to the mixture with vigorous shaking. It was then boiled for 10 min, cooled to room temperature and filtered through cotton. The filtrate was acidified with ice-cold hydrochloric acid (1:1). The dithiocarboxylic acid thus formed was extracted 2 -3 times with minimum volumes of ether until the aqueous phase becomes faint yellow. The ether extracts were combined together, washed thrice with 20 ml portions of ice-cold brine and extracted with several 10 ml portions of 10% hydrazine hydrate solution in water. The organic layer was discarded. The aqueous phase was kept in ice-cold water for 1 h. The yellowish crystals of the product that separated out were removed by decantation. The mother liquor was further acidified with acetic acid to precipitate the remaining reagent. The product was recrystallized from hot water by adding activated charcoal to obtain pure colorless crystals with a sharp melting point of 138 C.
General procedure
To an aliquot of a solution containing 40.0 -70.0 μg of Pt(IV), add hydrochloric acid (2 mol/L) and sodium acetate solution (10%) to adjust the pH between 2.2 -6.0 in a total volume of 25 ml. Add 3.0 ml of the reagent solution and 2.0 g naphthalene and heat the mixture in boiling water bath for 20 min. Cool to room temperature. Separate the solid naphthalene containing metal complex by filtration. Dry in the folds of filter paper to remove adhered water, dissolve in 4-methyl-2-pentanone and dilute to 10 ml after addition of 0.2 ml pyridine. Add 1.0 g anhydrous sodium sulfate as a drying agent to remove traces of water from the solution and measure the absorbance at 680 nm against the solvent blank.
Mechanism of Complex Formation and Probable Structure of the Extracted Complex
In hydrochloric acid solution, platinum exists as [PtCl6] 2-ions. 27, 28 This chloroplatinate ion is regarded as a starting material in Pt(IV) chemistry 28 for formation of octahedral platinum complexes by replacement of chloride groups with donor atoms of ligands.
The molecular formula of 5-Cl-2-OHTBH can be written as ClC6H3OHCS-NH-NH2. The complex formation with Pt(IV) ion by thiohydrazide is assumed to take place by coordination of the sulfur atom 27 of the thione group to the metal ion and the ring closure via primary amine nitrogen. Therefore complex formation can be shown by the reaction:
The probable structure of the extracted species is: 
Results and Discussion
Absorption spectra and spectral properties Pt(IV)-5-Cl-2-OHTBH complexes containing 2.0 -7.0 μg cm -2 of Pt(IV) are extracted into molten naphthalene from the aqueous solution of pH 5.0 by heating with 2.0 g of naphthalene for 20 min and finally dissolved in 10 ml of 4-methyl-2-pentanone. Their absorption curves show that the complex has a maximum absorption at 680 nm, as shown in Fig. 1 . The nature of the spectral curves remained constant, indicating the formation of only one complex under these conditions. The reagent blank absorbs negligibly in the wavelength range studied; hence, 4-methyl-2-pentanone can be used as a solvent blank. The Beer's law plot showed that the method is valid for the determination of 1.0 -7.0 μg cm -2 of platinum. The molar absorptivity and the Sandell sensitivity are 2.40 × 10 4 L mol -1 cm -1 and 8.0 ng cm -2 , respectively. Six replicate analyses of a solution (25 ml) containing 40.0 μg of Pt(IV) gave a mean absorbance of 0.505 (10 ml 4-methyl-2-pentanone) with a standard deviation of 0.0065 and a coefficient of variation of 1.30%.
Optimum conditions
Optimum conditions for complete complexation of Pt(IV), quantitative extraction of the complex into molten naphthalene and maximum absorbance have been established by studying the effects of different parameters like pH of the aqueous phase, reagent concentration, naphthalene concentration, solvent, heating time and diverse ions.
Effect of pH
The effect of pH was studied to find the optimum pH of the aqueous phase for maximum complexation and quantitative extraction of platinum complex with 5-Cl-2-OHTBH into the molten naphthalene. The extraction of the complex formed by 40.0 μg of Pt(IV) with 3.0 ml of 6.0 × 10 -3 mol/L reagent solution at various pH values from 0.85 -9.0 was carried out by heating the aqueous phase (25 ml) with 2.0 g of naphthalene for 20 min. The naphthalene containing metal complex was separated as a solid on cooling, filtered off, dried, dissolved in 4-methyl-2-pentanone and the metal was determined photometrically at 680 nm as described in the general procedure. It was found that a pH value within the range 2.2 -6.0 was adequate for full complexation and quantitative extraction of Pt(IV) with 5-Cl-2-OHTBH. The absorbance increased with increasing pH, remained constant over pH 2.2 -6.0 and again decreased with further increase of pH, as shown in Fig. 2 . The raffinate was analyzed for platinum content by the dithiol 29 method. It was found to be absent in raffinate, indicating complete complexation and removal with 5-Cl-2-OHTBH by quantitative extraction into molten naphthalene over a pH range of 2.2 -6.0 of the aqueous phase. Therefore an aqueous phase with a pH value between 2.2 and 6.0 is recommended in the general procedure.
Effect of naphthalene concentration
The aqueous phase (25 ml) containing 40.0 μg of Pt(IV) was adjusted to pH 5.0 and a complex was formed with 3.0 ml reagent solution by heating for 20 min. The extraction of this complex from the aqueous phase into 4-methyl-2-pentanone required multiple extractions for quantitative separation. Naphthalene is a non-polar low melting solid and therefore easily extracts the neutral Pt(IV)-reagent complex from the aqueous phase formed at an elevated temperature. The main advantages of the proposed method are: i) rapid attainment of the equilibrium between two phases at high temperature, ii) ease of solubility of metal chelate in molten naphthalene, iii) quantitative phase separation by filtration or decantation due to solidification of naphthalene at room temperature and iv) high degree of preconcentration. Therefore the complex was extracted into molten naphthalene by heating the aqueous phase with different amounts of naphthalene from 0.5 -3.0 g. The solid naphthalene containing metal complex was separated on cooling, filtered off, dried, dissolved in 4-methyl-2-pentanone (10 ml) and absorbance was measured at 680 nm. The absorbance was found to increase with increasing amount of naphthalene and to become maximum with 2.0 g. There was no adverse effect of higher amounts but it was difficult to dissolve more than 3.0 g of naphthalene in 10 ml of solvent. Therefore the critical amount of naphthalene for quantitative extraction of the complex is 2.0 g.
Effect of reagent concentration
The complex formation by 40.0 μg of Pt(IV) was studied by using various volumes of 6.0 × 10 -3 mol/L reagent solution 
Effect of heating time
The aqueous phase (25 ml) at pH 5.0 containing 40.0 μg of Pt(IV), 3.0 ml of 6.0 × 10 -3 mol/L reagent solution and 2.0 g naphthalene was heated for different intervals of time from 5 to 40 min in a boiling water bath. The complex extracted into molten naphthalene at an elevated temperature was separated as a solid on cooling and its absorbance was measured as described in general procedure. The absorbance increased with increasing heating time, became maximum with a heating time of 20 min, and remained constant up to 40 min. This indicated that the heating time of 20 min is critical for full complexation of platinum with the reagent at pH 5.0.
Effect of solvent and stability of the complex
The solid naphthalene containing the Pt(IV)-reagent complex was dissolved in various solvents, such as chloroform, carbon tetrachloride, benzene, chlorobenzene, xylene, toluene, ethyl acetate, mesityl oxide and 4-methyl-2-pentanone for absorbance measurements. The reagent blanks in these solvents showed no absorptions at 680 nm when measured against pure solvents. The complex showed maximum absorption when dissolved in chloroform and in 4-methyl-2-pentanone. The color intensity in chloroform decreased on standing, while it was stable in 4-methyl-2-pentanone for more than 48 h. Therefore 4-methyl-2-pentanone is used as a solvent for dissolving the Pt(IV)-reagent complex.
Effect of diverse ions
In order to assess the possible analytical applications of the method, we studied the effect of some diverse ions that often accompany platinum in its ores and alloys. Different amounts of diverse ions were added to the solution (25 ml) containing 40.0 μg of Pt(IV). The extraction and photometric determination with 5-Cl-2-OHTBH was carried out according to the recommended procedure. Initially the diverse ion was added to platinum solution in large excess; 200 mg for anions and 20 mg for cations. When interference was intensive, the tests were repeated with successively smaller amounts of foreign ion. The tolerance was set at the amount of diverse ion that could give an error of less than ±2% in the recovery of platinum. The method is found to be selective for traces of platinum in the presence of excess amounts of rhenium and other ions, as shown in Table 2 . The interferences from V(V), Cr(III), Co(II), Ni(II), Cu(II), Ru(III) and Au(III) were removed by using masking agents such as sodium fluoride, EDTA and SnCl2. The masking agent was added to the working solution before addition of the reagent solution. The masking agents form highly stable water-soluble charged complexes with interfering metal ions and prevent them from complexing with 5-Cl-2-OHTBH, thus removing their interference.
Composition of the complex
The combining ratio of Pt(IV) ion to the reagent in the extracted species was determined by Job's method of continuous variation using 4.1 × 10 -5 mol/L solutions of metal and reagent. The plot of absorbance at 680 nm versus the mole fraction of metal indicated the formation of a 1:1 Pt(IV):reagent complex. This was further confirmed by the mole ratio method as shown in Fig. 3 .
Reproducibility of the method
In a test of reproducibility of the method, three solutions containing 20.0, 40.0 and 60.0 μg of Pt(IV) were studied by the general procedure and absorbances were measured at 680 nm by using the general procedure. The standard deviation of the mean absorbance of six determinations was 0.0065 for 4.0 μg cm -2 of Pt(IV) and the coefficient of variation was 1.30%, such values show that the method is reproducible and accurate (Table 3) . 
Applications
Determination of Pt(IV) in synthetic mixtures
The applicability of the method to real samples was tested by analyzing synthetic samples containing added platinum. Recovery studies of Pt(IV) were carried out from solutions containing excessive amounts of commonly associated metal ions and corresponding to the composition of alloys, following the general procedure. The recovery of the metal was found to be greater than 99.5%. The results of triplicate analysis are shown in Table 4 . Therefore the method can be successfully applied for estimation of platinum at trace level from its ore samples and alloy samples.
Determination of platinum in alloy steels
The accuracy of the proposed method was evaluated by analyzing alloy steel samples. Three samples of alloy steels (Nos. 33b, 33d and 320) from The Bureau of Analyzed Samples Ltd., UK, were analyzed separately. The solutions of alloy samples were prepared as reported earlier. 23 An aliquot of alloy solution (0.5 ml) containing added Pt(IV) was analyzed by the proposed method. The interfering ions were masked by using masking agents. The results of triplicate analysis found to be in good agreement with the expected values are shown in Table 5 .
Sequential separation and determination of Pt(IV) and Re(VII)
The sequential separation and determination of platinum and rhenium were based on the fact that the rhenium does not interfere in the determination of platinum with 5-Cl-2-OHTBH during the proposed method. Therefore separation is achieved as a function of different aqueous media, as shown in Scheme 1. In a 25-ml solution containing 100.0 -300.0 μg of Re(VII) and 40.0 μg of Pt(IV), the pH was adjusted to 5.0 by using dilute hydrochloric acid and sodium acetate solution. Platinum complex with reagent was first formed; this was extracted into molten naphthalene and determined spectrophotometrically at 680 nm by the proposed method. The filtrate containing Re(VII) was neutralized and made 0.8 mol/L with respect to hydrochloric acid in a total volume of 25 ml. Re(VII) was reduced by 0.2 ml of 10% SnCl2 and determined with 5-Cl-2-OHTBH by the method reported earlier. 23 The results of triplicate analysis are reported in Table 6 . Both the metals are recovered quantitatively with relative errors less than 1.30%. Thus the mixtures containing Pt(IV) and Re(VII) in the ratio 1:2.5 to 1:7.5 can be analyzed by the proposed method.
Conclusion
The method is highly sensitive, simple, reproducible, rapid, and selective; it has a wide pH range and the reagent solution is stable at room temperature for a week. Thus the method should be valuable from the view-point of analytical applications for detection, separation, estimation and recovery of traces of Scheme 1 Sequential separation and determination of Pt(IV) and Re(VII). platinum from natural and synthetic samples. It will help to save the natural resources and will also protect the environment from pollution due to processing of ores.
